This work provides information about bacterial community structure in natural wastewater treatment systems treating different types of wastewater. The diversity and composition of bacterial communities associated with the rhizosphere of Typha latifolia and Salix atrocinerea were studied and compared among two different natural wastewater treatment systems, using the direct sequencing of the 16S ribosomal RNA codifying genes. Phylogenetic affiliations of the bacteria detected allowed us to define the main groups present in these particular ecosystems.
INTRODUCTION
The operation of wastewater treatment technologies relies on a combination of physical, chemical and biological factors. For many decades, these systems have been based mainly on information about chemical and physical parameters, having been quite successful in using the advantages of the amazing metabolic potential of microbial communities without detailed available knowledge about the organisms involved (Gilbride et al. 2006) . The development of more stringent disposal limits to protect the environment demands an in-depth acquaintance with the parameters involved in wastewater treatment systems in order to improve and optimize their performance.
Secondary treatment is one of the key components of a wastewater treatment plant. It involves the biological reduction of organic matter, suspended solids and toxicity of industrial wastewaters, together with the production of doi: 10.2166/wh.2009.123 low-nutrient effluents. These functions are carried out by the resident microbial (mainly bacterial) community, which is considered the foundation of the secondary treatment process. These organisms present complex interactions among themselves and with the environment, which makes this stage a sensitive process that needs to be carefully studied.
In recent years, the application of molecular techniques has made it possible to broaden insights into the vast diversity and interactions of microorganisms present in complex environments. The advantage of these methods is that they do not rely on cultivation and they therefore can be extremely sensitive and capable of describing the diversity of the microbial communities in much fuller detail (Gilbride et al. 2006) .
Amplification of the 16S rRNA gene through the PCR technique using universal primers and its subsequent sequencing has been extensively used to study bacterial diversity, as it allows identification as well as an indication of the phylogenetic relationship of the samples (Kapley et al. 2007) . This technique has been applied to different conventional wastewater treatment systems such as anaerobic digesters (Sawayama et al. 2006) , activated sludge (Liu et al. 2006; Kapley et al. 2007) , or membrane bioreactors (Miura et al. 2007 ). However, the study of these communities in non-conventional treatment systems such as constructed wetlands or lagoons is not so widespread (Moura et al. 2007) .
Constructed wetlands (CWs) are man-made 'ecosystems' that mimic their natural counterparts. They are a costeffective alternative to conventional wastewater treatment (Knox et al. 2006) . They are designed to take advantage of many of the same processes that occur in natural wetlands, but do so within a more controlled environment (Vymazal 2005) . In addition to bacteria, planted macrophytes constitute a further component participating in the biological treatment. The important role of these plants derives from the availability of a supply of oxygen emerging through the rhizosphere (Brix 2003) , allowing the creation of an area where aerobic organisms are able to develop. This capacity of the two groups of organisms to interact is described by Brix (1997) as an indispensable component for the correct operation of these treatment systems. However, the role of this interaction still remains unclear, as other authors have reported that macrophytes do not play an active role improving water quality, but act only as a structural support for bacteria (Collins et al. 2004) .
Various researchers have studied the bacterial communities of these low-cost systems. Some studies have been based on specific bacterial groups, such as the family Enterobacteriaceae (Vacca et al. 2005) , or methanotrophic bacterial populations (DeJournett et al. 2007) . Other projects have focused on communities from constructed wetlands that treat acid coal mine drainage (Nicomrat et al. 2008) or wastewater with differing phosphorus loadings (Ahn et al. 2007) . Nevertheless, it remains difficult to find works that make reference to the bacterial communities of macrophyte rhizospheres. Thus, it is of considerable interest to increase the available knowledge with respect to these ecological niches.
The purpose of this work was to characterize and compare the bacterial communities associated with the rhizospheres of two macrophyte species (Typha latifolia and Salix atrocinerea) found in two different systems. One Salix atrocinerea was selected as the main species for the fourth stage (362.5 m 2 ) which acts as a gravel filter (terrestrial ecosystem).
MATERIALS AND METHODS

Description of the pilot systems
The mean wastewater flow is 4.28 m 3 h 21 with a mean BOD 5 inlet value of 88.58^12.22 O 2 mg l 21 and a HRT (hydraulic retention time) of 13 days. Further details of the process are related elsewhere (Ansola et al. 2003) .
The SWWS was constructed to treat wastewater from CENTROTEC, a swine reproduction technology centre.
This system is also located in the northwest of Spain, at Campo de Villavidel in the Province of Leon, about 40 km away from Bustillo de Cea. Raw wastewater is pumped into a tank and diluted with fresh water. The system is composed of three basins that comprise a total area of 13.62 m 2 . The first basin to receive the mixture is a surface flow constructed wetland with Typha latifolia. The next two basins are both subsurface flow constructed wetlands planted with Salix atrocinerea.
The average flow is 7.1 dm 3 h 21 with a mean BOD 5 inlet value of 122^35.1 O 2 mg l 21 and a HRT of 16 days. The dimensions are based on the model proposed by Kadlec & Knight (1996) .
Both pilot systems belong to an area with a Mediterranean type of climate (Papadakis 1961 ) with approximately 546.7 mm annual rainfall and 10.28C mean annual temperature. For each sample, 45 g of a mixture of plant roots and the surrounding planting medium was placed in polypropylene tubes. Saline solution (0.9% NaCl) was added up to 30 ml, and this mixture was stirred energetically in order to transfer the biofilm to the saline solution. After filtration, 16 ml were centrifuged to precipitate bacteria. Genomic DNA was obtained in accordance with the procedure of Zhu et al. (1993) .
Sampling of bacteria
16S rRNA gene PCR amplification
16S rRNA genes were amplified through a PCR using universal bacterial primers 27f and 907r. Amplification was carried out in an Applied Biosystems thermal cycler (Model Gene Amp PCR System 9700) programmed for 28 cycles.
Denaturation in each cycle was performed at 948C for 45 seconds, the annealing temperature was 538C for 60 seconds and extension was carried out at 728C for 90 seconds. After the 28 amplification cycles, samples were allowed to remain for 7 minutes at 728C to complete the extension process. No more than ten clones from each PCR were selected.
Each sequence was used to identify the species present in the sample by a comparative search in the GenBank database using the BLASTN method (Altschul et al. 1997) .
The most similar sequences to the clones in the database were retained for inclusion in subsequent phylogenetic analysis. Other methods, such as the software from The Ribosomal Database Project , including the program RDP Classifier , offer similar results. Sequence alignment was carried out with the CLUSTAL-W method (Thomson et al. 1994) , using the standard parameters suggested by the program and then refined by eye.
Phylogenetic analyses were carried out using the MEGA 3.1 software package (Kumar et al. 2004) . LogDet/ Paralinear distance model (Lake 1994) , an estimator of divergence between nucleotide sequences devised to deal with unequal base frequencies, was chosen, and minimum evolution criterion was used to obtain phylogenetic trees, the topology showing the smallest value of the sum of all branches is chosen as an estimate of the correct tree.
Study of bacterial community structures
Biological diversity can be quantified in many different ways. The two main ecological parameters taken into account when measuring diversity are richness and evenness. The Shannon -Weaver index (H 0 ) has been used since 1949 to obtain a mathematical measurement of species diversity within a community (Shannon & Weaver 1949) . 
RESULTS AND DISCUSSION
Analysis of bacterial communities
The study of the bacterial communities was carried out according to evolutionary criteria. The results show the phylogenetic relationship of the different bacteria, which allowed in-depth analysis of each community's composition.
A total of 200 clones from the rhizosphere communities of the municipal and swine wastewater treatment plants were sequenced. The characterization of the communities was based on 50 clones from each bacterial community.
Analysis of community composition and structure was based on the taxonomical report provided by the results from the BLAST analysis from the NCBI (National Center for Biotechnology Information). These results were complemented with the subsequent phylogenetic analysis performed by the authors. Phylogenetic trees were constructed using the studied sequences and the corresponding sequences with highest scoring hits in BLAST searches.
More detailed sub-analyses of each taxonomic group were also performed. Three of these, covering alpha, beta and gamma-proteobacteria, are shown in Figures 1-3 . These analyses allowed a more accurate classification of the amplified sequences. However, not all the clones determined presented a clear affiliation. The presence of different orders or phyla in the samples was assessed, to expand the analysis of diversity, as in some cases determination was possible only at the level of genus, family or order (the classes of Proteobacteria were considered as a phylum for this analysis).
From the great variety of lineages detected, ten different phyla were identified, and five other phyla were noted, but not clearly identified (Table 1) . Of all the phyla, the highest abundance score was obtained by the group Proteobacteria.
The relative abundance of this group involved 68.5% of all the sequences analysed. The range was from 64% for Typha-MWWS to 76% for Typha-SWWS. The phylum Bacteroidetes was the second most abundant, comprising 14.5% of the sequences. Other significant phyla were the Firmicutes, present only in SWWS, and the Acidobacteria, found only in MWWS.
The greatest richness of phyla and highest diversity values were found in the micro-ecosystem MWWS, in which richness reached values of 8 for Typha and 9 for Salix and the diversity figure was nearly 1.8. In the SWWS the richness levels for the phyla were 4 (Typha) and 5 (Salix) and the diversity value was below 1.45. These analyses treated alpha, beta, gamma and delta-proteobacteria groupings as phyla. However, when the evenness of the samples was analysed, the four communities showed similar values (between 0.60 and 0.56). The diversity of orders was greater than that obtained for phyla, although the relationship found at the phylum level was maintained, with MWWS communities more diverse than those in the SWWS (Table 2) .
To characterize the four communities properly, it was essential to look at the phylum Proteobacteria in detail, in the light of its prominence (Tables 1 and 3) . The class alpha-proteobacteria was the most abundant in the rhizosphere of Salix (Figure 1, and Table 3 ) in the MWWS, with 13 sequences. Its presence in this ecosystem was quite normal, as many orders from this grouping out-group to root the tree. Clone prefixes: B, municipal wastewater treatment system (MWWS); C, swine wastewater treatment system (SWWS); S, rhizosphere of Salix; T, rhizosphere of Typha. LogDet distances were used to construct the tree. The topology was chosen on the basis of the minimum evolution criterion.
(such as Rhizobiales) include plant endosymbionts, methaneoxidizing bacteria and in particular, a large number of nitrogen-fixing species (Wan-Taek et al. 2006) . In fact, the largest association of individuals from alpha-proteobacteria belonged to, or was related to, Rhizobiales (six sequences in total). This situation was completely different from that of the same species in the SWWS, where their presence was the smallest in the phylum (one sequence).
The composition of the community in the rhizosphere of Typha for the two treatment systems was quite similar (6 and 7 sequences in MWWS and SWWS, respectively).
The sequence distribution within the class showed variations according to the type of wastewater treated in the system. In the MWWS, the most frequent order was Rhizobiales, whereas in the SWWS, the order Rhodospirillales was the most frequent. However, lineage-specific analysis using UniFrac did not detect any significant differences in the four bacterial communities for the class alpha-proteobacteria (P ¼ 0.3712).
The greatest contrast between the communities of the two HMAE w was found in the class beta-proteobacteria.
The relative abundance of this taxon was not very great in the case of the MWWS, with similar results for Typha (6 sequences) and Salix (7 sequences). The sequence distribution was also similar in the two communities, the order Burkholderiales being the most abundant, although the affiliation of some sequences remained unknown in the case of Salix. On the other hand, this class was more widely represented in the rhizospheres of Salix (22 sequences) and Typha (24 sequences) in the SWWS (Figure 2 and Table 3 ). As happened with the municipal wastewater, Burkholderiales was the most abundant order, followed by found members of this class in legume nodules, occupying them together with forms of more usual nitrogen-fixing bacteria or in the absence of these more customary occupants. Thus, their presence in the rhizosphere of the macrophytes may have been linked to these other bacteria, which would be in agreement with the statements of the cited authors.
The group delta-proteobacteria had only a slight presence in the various environments. Absent from the Typha-SWWS, its representation in the Salix-SWWS was minimum, with just one clone. In the MWWS, Myxococcales was the only order found in association with the Typha sequences, whereas the Salix community included individuals belonging to several orders (Table 3) .
Bacteroidetes was the second most important phylum in this analysis. The participation of members of Bacteroidetes in the decomposition of a variety of organic compounds is well known (Rincó n et al. 2006) . This means that its presence is not surprising in such environments. To summarize, the work presented here provided insights into the composition and structure of the bacterial communities from two different natural treatment systems, one used to treat swine wastewater with a high nitrogen load from a reproduction technology centre, The study focused on the microbial populations associated with the rhizosphere of Typha latifolia and Salix atrocinerea in these two treatment plants. Ten identified and five non-identified phyla were detected in the samples, with the phylum Proteobacteria the predominant group in the four micro-ecosystems. The methodology allowed clone affiliations to be fixed with total certainty, although there were clones identified only at the level of genus, family or order.
In autumn, the MWWS presented higher bacterial diversity associated with the rhizospheres of Typha and Salix. The richness and diversity found in these two communities were greater than those calculated for the swine wastewater system. Evenness was quite similar among communities at the phylum level. However, evenness values at order level were higher in the communities of the MWWS. This means that these two communities were not dominated by one or two groups, as happened in the SWWS, where communities in both micro-ecosystems were clearly dominated by beta-proteobacteria. This fact might be attributed to the more stressful wastewater characteristics in the swine system, which would favour the presence of this group. Even with the small samples sizes, differences among bacterial communities were observed, some of them statistically significant.
The study could be applied to establish dynamics over various seasons and correlate the bacterial community with wastewater characteristics, so as to gain greater insights into these natural systems and the efficiency of the treatments they provide. 
